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FOREWORD

The probable maximum precipitation (PMP), which
is a fundamental parameter in the design of a vari-
ety of hydrological structures, also has a key role in
floodplain management, where it is made to corre-
spond to the extreme potential risk of flooding at a
given time and place.

PMP is therefore very useful for hydrologists, to
estimate the probable maximum flooding and
thereby, for example, to design the most appropri-
ate spillways to minimize the risk of overtopping a
given hydraulic structure, such as a dam. In this
way, the risks of loss of lives, damages and commu-
nity impacts can be minimized and managed.

The present publication covers a wide range of
methods which can be used to make PMP estimates
and it draws heavily on international experience

from many regions of the world. The previous
edition was published by WMO in 1986 as an Oper-
ational Hydrology Report.

On behalf of WMO, | would therefore like to express
my gratitude to all experts involved in its prepara-
tion and its publication, in particular to Mr Bruce
Stewart, President of the WMO Commission for
Hydrology, who led the corresponding review proc-
ess as requested by the Commission at its twelfth
session (Geneva, October 2004).

P
/ (M-Jarraud)

Segretary General
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CHAPTER 1

INTRODUCTION

11 OBJECTIVE OF PMP ESTIMATES

The objective of a probable maximum precipitation
(PMP) estimate is to calculate the probable maxi-
mum flood (PMF) used in the design of a given
project at a particular geographical location in a
given watershed, and to further provide informa-
tion that could assist in designing the size (dam
height and reservoir storage capacity) of the given
project and dimension of the flood-carrying struc-
tures (spillway and flood carrying tunnel) of the
project.

1.2 DEFINITIONS OF PMP AND PMF

1.2.1 Definition of PMP

PMP is the theoretical maximum precipitation for a
given duration under modern meteorological
conditions. Such a precipitation is likely to happen
over a design watershed, or a storm area of a given
size, at a certain time of year. Under disadvanta-
geous conditions, PMP could be converted into
PMF - the theoretical maximum flood. This is neces-
sary information for the design of a given project in
the targeted watershed.

1.2.2 Definition of PMF

PMF is the theoretical maximum flood that poses
extremely serious threats to the flood control of a
given project in a design watershed. Such a flood
could plausibly occur in a locality at a particular
time of year under current meteorological
conditions.

1.3 CLOSE COMBINATION OF
HYDROLOGY AND METEOROLOGY

PMP/PMF estimation falls within the field of
hydrometeorology. It is a method of hydrometeor-
ology used to estimate the design flood, which
combines hydrology and meteorology. The work of
PMP/PMF estimation requires close cooperation
between hydrologists and meteorologists. Any
issues arising in PMP/PMF estimation should not be
studied from a purely hydrological or purely

meteorological point of view. The concepts and
theories of both hydrology and meteorology should
be considered. Only in this way can the PMP/PMF
estimates be optimized and reflect a balance between
safety and cost-efficiency in project design. The
studies should also cover all factors that affect PMF,
including meteorology, hydrology, geology and
topography. Nevertheless, separate analysis of mete-
orological factors is possible.

The manual contains advances based on the meth-
ods and technologies introduced in the literature in
recent years and new experience of current prac-
tices. Physical models are not usable as they produce
low-accuracy estimates of precipitation. The use of
numerical weather models for PMP estimation is
currently a topic of research (Cotton and
others, 2003).

1.4 PMP/PMF ESTIMATION

141 Basic knowledge

Storms, and their associated floods, have physical
upper limits, which are referred to as PMP and PMF.
It should be noted that due to the physical complex-
ity of the phenomena and limitations in data and
the meteorological and hydrological sciences, only
approximations are currently available for the upper
limits of storms and their associated floods.

1.4.2 Approaches to and methods of PMP
estimation
1421 Approaches

PMP is primarily considered to be the precipitation
resulting from a storm induced by the optimal
dynamic factor (usually the precipitation efficiency)
and the maximum moisture factor simultaneously.
There are two general approaches to estimating
PMP: one based on storm area (area surrounded by
isohyets) and the other based on the specific water-
shed location (watershed area).

The approach based on storm area (the indirect
approach) focuses on the estimation of a group of
PMPs with various durations and areas in a wide
region (a zone with meteorologically homogeneous
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conditions), and then provides a set of methods to
convert them into the PMP in the design watershed
for the purpose of PMF estimation in high-risk
projects (usually reservoirs and nuclear power
stations).

The approach based on watershed area (the direct
approach) focuses on the direct estimation of PMP
with a given duration according to the require-
ments of a specific project (usually the design of a
reservoir) in the targeted watershed. The reason
for introducing the specific project here is that
different design scenarios could result in the selec-
tion of different design PMPs potentially resulting
from different causative factors. For instance, if a
large high-dam reservoir with powerful regulating
and storing capacity is constructed at a site, the
total flood volume will be the controlling factor
for the project regarding flood control. Therefore,
the duration of the design flood will be relatively
long, and the storm may be created through the
superposition and replacement of several storms.
If a small low-dam reservoir with small regulating
and storing capacity is constructed at the same
site, peak flood discharge will be the controlling
factor for the project regarding flood control. The
required design flood duration may hence be
shorter, and a storm may be created by a single
storm weather system or by local violent
convection.

1.4.2.2 Methods

There are six methods of PMP estimation currently
used:

(@) The local method (local storm maximization or
local model);

(b) The transposition method (storm transposition
or transposition model);

(c) The combination method (temporal and spatial
maximization of storm or storm combination
or combination model);

(d) The inferential method (theoretical model or
ratiocination model);

(e) The generalized method (generalized estima-
tion);

(f) The statistical method (statistical estimation).

Most can be used in medium- or low-latitude areas,
but when used in low-latitude areas (tropic zone),
the method for deriving some parameters needs to
be properly revised (see Chapter 6).

In addition, two other methods can be used
for deriving PMP/PMF in extremely large
watersheds.

They are:

(@) The major temporal and spatial combination
method;

(b) The storm simulation method based on histori-
cal floods (see Chapter 7).

The characteristics of and the application condi-
tions for these eight methods are, briefly, as
follows.

1.4.2.2.1 Local method

PMP is estimated according to the maximum storm
of the observed data in the design watershed or
specific location. This method is applicable where
there are several years of observed data.

1.4.2.2.2 Transposition method

In this method an extraordinarily large storm in the
adjacent area is transposed to the design area or the
location to be studied. The work focuses on two
aspects. The first is to ascertain the storm transposi-
tion probability, which can be done in three ways:

(a) By determining the meteorologically homoge-
neous zone, studying the possible transposition
range of the storm and carrying out a detailed
analysis of the design watershed conditions;

(b) By making a variety of adjustments for the
transposed storm, based on the differences
in geographic and topographic conditions
between the original storm occurrence area and
the design area. This method, which is widely
applied, is used for design areas where high-
efficiency storms are rare.

1.4.2.2.3 Combination method

This method reasonably combines two or more
storms in a local area, based on principles of synoptic
meteorology and experience of synoptic forecasting,
in order to form a sequence of artificial storms with a
long duration. The work focuses on selection of
combinations, determination of combination
schemes and reasonable demonstration of combina-
tion sequences. This method is applicable for deriving
PMP/PMF in large watersheds with long durations,
and requires strong meteorological knowledge.

1.4.2.2.4 Inferential method

The inferential method generalizes the 3-D spatial
structure of a storm weather system in the design
area to create a simplified physical storm equation
for the main physical factor that influences the
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storms. According to the available wind field data,
the method uses either a convergence model or a
laminar model. In the convergence model, it is
assumed that the inflow of storm moisture converges
to the centre from all sides and rises to create an
event. In the laminar model, it is assumed that the
inflow of storm moisture crawls along an inclining
surface in a laminar fashion and rises to create an
event. This method, requiring strong available
observation data of upper meteorology in the design
area, is applicable for watersheds with an area of
hundreds to thousands of square kilometres.

1.4.2.2.5 Generalized method

The generalized method is used to estimate PMP for
a large, meteorologically homogeneous zone. The
procedure involves grouping the observed rainfall
of a storm into convergence and orographic rain-
fall. Convergence rain, which is the rainfall created
through atmospheric convergence and rising
induced by a passing weather system, is assumed to
occur anywhere in meteorologically homogeneous
zones. Orographic rain is the rainfall created
through orographic rising. The generalization
method uses convergence rainfall and the main
results are as follows:

(@) PMP depth, which is shown as a generalized
depth-area—duration (DAD) curve (produced
via storm transposition);

(b) PMP spatial distribution, which is a group of
concentric ellipses generalized from isohyets;

(c) PMP temporal distribution, which is a single-
peak map of a generalized hyetograph.

This method requires a large amount of long-term
data obtained by rainfall self-recorders in the study
area. This is a time-consuming and expensive process.
However, the method can lead to high accuracy and
easy application of PMP results. This method is appli-
cable to watersheds under 13 000 km? in orographic
regions and 52 000 km?2 in non-orographic regions,
and rainfall durations of 72 hours or less.

1.4.2.2.6 Statistical method

The statistical method was proposed by Hershfield of
the United States. PMP is derived from data from
numerous gauge stations in a meteorologically
homogeneouszone, using the hydrological frequency
analysis method together with the regional general-
ized method. The procedure differs from the
traditional frequency analysis method, resulting in
different physical connotations (Wang G., 2004).
This method is mainly applicable for watersheds
with a collecting area under 1 000 km?2.

1.4.2.2.7 Major temporal and spatial

combination method

In this method, the part of the PMP that has the
larger influence on PMF temporally (flood
hydrograph) and spatially (flood source area) at the
design section is treated with hydro-meteorological
methods (local, transposition, combination and
generalized), and the part of PMP which has the
smaller influence is treated with the common corre-
lation method and the typical flood distribution
method. Obviously, this method, which can be
regarded as a storm combination method, combines
both temporal and spatial conditions. It only makes
detailed computations for the main part while
making rough computations for the secondary part.
This method is mainly used for watersheds above
the design section and for large rivers with a great
difference between upstream and downstream
weather conditions.

1.4.2.2.8 Storm simulation method based on

historical flood

This method produces a storm that could have
potentially created the historical flood. This is done
through hydrological watershed models. This
method is inherently based on the incomplete
temporal and spatial distribution information of
the known extraordinary flood. It is also based on
the assumption that modern synoptic meteorologi-
cal conditions and synoptic forecast experience are
applicable to the historical period. Then, with the
extraordinary storm as a high-efficiency storm, the
PMP is derived after maximizing moisture. This
method is applicable where information about the
flood hydrograph at the design section and knowl-
edge of the rainfall, hydrological and flooding
situations in some parts of the upstream main-
stream and tributaries have been obtained through
investigation and analysis of historical literature
(books, newspapers, anecdotes and other records).

Local, transposition and combination methods are
described in Chapters 2, 3 and 7 of this manual.
Various additional methodologies and practices
have been introduced in this third edition, includ-
ing approaches that have been developed and
applied in China.

1.4.3 Main steps for storm and watershed
approaches
1.4.3.1 Approach based on storm area

The generalized estimation method and statistical
estimation method are the commonly used
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methods that are based on a storm area approach.
The former aims to generalize the areal mean
precipitation depth within an isohyet while the
latter aims to generalize a point (gauge station)
precipitation depth. The point can be taken as a
mean precipitation depth for an area less than
10 km? to derive PMP. The PMP from areal mean
precipitation depth within an isohyet and the PMP
from a point (gauge station) precipitation depth are
then converted to obtain the PMP of the design
watershed.

1.43.1.1 Main steps for the generalized

estimation method

The main steps for PMP estimation via this method
include (Wang G., 2004):

| High-efficiency storm |

!

| Moisture maximization |

1

| Transposition |

1

| Enveloping |

1

| PMP |
l

| PMF |

High-efficiency storm, simply speaking, is a major
storm (observed data) with the assumption that its
precipitation efficiency has reached its maximum.

Moisture maximization is the process of adjusting
the moisture factors of high-efficiency storms to
their maximum.

Transposition is the rainfall distribution map trans-
fer of moisture-maximized and high-efficiency
storms in meteorologically homogeneous zones.

Enveloping means that enveloping values are
taken from the DAD relation plotted according to
the transposed storms, thereby maximizing the
precipitation depth for various areas and
durations.

PMP is the possible maximum precipitation that
comes from the application of the above DAD
enveloping values for the design watershed.

PMF is the assumption that the flood (together with
base runoff) created by PMP is the possible maxi-
mum flood in the design area.

The methods described in Chapters 5 and 6 are
examples of generalized estimation methods.

1.43.1.2 Main steps for the statistical estimation

method

The main steps for PMP estimation via this method
include (Wang G., 2004):

| Largest storm Km |

l

| Enveloping |

1

| Transposition |

1
| PMP |

Largest storm Km is a statistical representation of the
maximum value in the observed storm series, given

by:

_ Xm-Xn—l

Km= 20020 (1.1)

where Xm is the maximum observed storm value;
Xn-1 and vn_1 are, respectively, the mean value
and standard deviation computed excluding the
extraordinarily large value.

Enveloping shows Km values for various durations D
at each gauged station as a dotted line on a correla-
tion plot of Km~D~Xn-1. The enveloping curve, or
the Km~Xn-1 relationship, varies with the value
of D.

Transposition transposes the Km value in the above
enveloping curve to the design station. The proce-
dure computes the mean value Xn from the storm
series using all the observed n years at the design
station, and Km is the value of the design station
from the above correlation plot.

PMP is the possible maximum precipitation at the
design station, which can be computed with the
following formula:

PMP = Xn+ KmVa = X(1+ KnCun) (1.2)

where vn and Cun are, respectively, the standard
deviation and the coefficient of variation of the
precipitation series for the n years of data at the
design station (Cw = va/Xn).

It can be seen from the above that the statistical
estimation method is similar to storm transposi-
tion. However, what is transposed is not a specific
storm rainfall but, rather, an abstracted statistical
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value Km. Storm transposition correction is carried
out with the mean value Xn and the variation coef-
ficient Cvn at the design station (Wang, G. 2004).

The PMP derived by the above procedure is for a
point (assumed as the storm centre), and the areal
mean PMP of the design watershed can be obtained
from the storm-point area relationship map.

The methods described in Chapter 4 are examples
of a statistical estimation method.

1.4.3.2 Approach based on watershed area

The main steps of this approach for PMP estimation
are (Wang G., 1999, 2004):

| Storm model |

!

| Maximization |

{

| PMP |
{

| PMF |

Storm model is a typical storm or ideal model that
reflects the characteristics of extraordinary storms
of the design watershed, which pose serious threats
to flood control in the project. Depending on its
sources, it can be categorized as a local model, trans-
position model, combination model or inferential
model. The implications of these models are the
same as described in section 1.4.2.2.

Maximization means maximizing the storm model.
When the storm model is a high-efficiency storm,
only moisture maximization is performed, other-
wise both the moisture factor and the dynamic
factor need to be maximized.

PMP is the possible maximum precipitation over a
design watershed derived from maximization of the
storm model.

PMF is the possible maximum flood converted from
the PMP over a design watershed.

Methods described in Chapter 7 are examples of
this approach. The convergence model and the
laminar model are briefly introduced in Chapters 2
and 3 but as they are more theoretical, the two
models are not mentioned again in Chapter 7.

These methods, especially those introduced in
Chapter 7, require close cooperation between
hydrological and meteorological staff.

1.5 STORM AND FLOOD DATA

As data on extraordinary storms and floods form
the basis for estimating PMP/PMF, it is necessary to
extensively collect, process and analyse them. Anal-
ysis focuses on the magnitude of numerical values,
the spatial-temporal distribution pattern and the
synoptic cause. Areal mean rainfall is calculated
based on observed rainfall of heavy storms in the
watershed. Radars and satellites can provide addi-
tional and recent observed rainfall data. Telemetry
data are now available and especially useful for
regions with scarce data (see for example http://
www.ecmwf.int and http://www.cdc.noaa.gov/cdc/
reanalysis/reanalysis.shtml).

Areal mean rainfall is used to develop the DAD
curves. Depth-area—duration analysis is performed
using the method described in the Manual for
Depth—Area—Duration Analysis of Storm Precipitation
(WMO-No. 237). The method facilitates determin-
ing the average precipitation depth of a storm over
a given area for a particular time. In PMP studies,
the analysis method is extremely useful in studying
the hydrological characteristics of a watershed.

Data and information on historical extraordinary
storms and floods obtained from field surveys and
historical literature should be collected and analysed
as rigorously as possible. It should be noted that,
particularly when dealing with early, unusual
records, great effort should be made to verify the
information. In any analysis, the storm volume, its
spatial and temporal distributions, and the causa-
tive factors of each extraordinary storm should be
carefully determined. Similarly, for each extraordi-
nary flood, its peak flood, flood volume, temporal
distribution and flood source region should also be
determined as clearly as possible.

1.6 ACCURACY OF PMP/PMF
ESTIMATION

The accuracy of PMP/PMF estimation rests on the
quantity and quality of data on extraordinary
storms and floods and the depth of analysis and
study. Nonetheless, it is impossible to give precise
values for PMP and PMF. As yet, there are no
methods to quantitatively assess the accuracy of
PMP and PMF. Presently, it is most important to
analyse, compare and harmonize results of
PMP/PMF from multiple perspectives. This task is
called a consistency check in the United States
(Hydrometeorological Reports 55A, 57 and 59:
Hansen and others, 1988; Hansen and others,
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1994; and Corrigan and others, 1998) and is
termed a rationality check in China (section 7.2.7
of the manual). Results are quality controlled
through such a comparison.

When evaluating various PMP estimates, there are
some other aspects to consider:

(@) the amount by which the estimated PMP
exceeds the maximum observed rainfall values
for the surrounding meteorologically homoge-
neous region,;

(b) the frequency and severity of recorded storms
that have occurred in the region;

(c) limitations on storm transposition
region;

(d) the number of times and character of maximi-
zation, and correlations between them:;

(e) the reliability of relations between rainfalls and
other meteorological variables in the model;

(f) occurrence probabilities of individual meteoro-
logical variables in the model, though exces-
sive combination of rare occurrences should be
avoided.

in the

Although the procedures described here produce
PMP estimates to the nearest millimetre or tenth of
an inch, this should not be used to indicate the
degree of accuracy.

1.7 THE MANUAL

1.7.1 Objective

The objective of compiling this manual is to make
a systematic description of the methods for deriv-
ing PMP presently in common use around the
world. The manual includes basic ideas, critical
links, points for attention and common terms for
engineers and designers to refer to in relation to
their particular projects.

The manual assumes readers possess knowledge of
hydrometeorology; thus basic meteorological and
hydrological terms and procedures are not
described.

1.7.2 Scope

With regard to its regional scope, the manual
describes approaches applicable to estimating PMP
for rivers with mostly stormy floods in middle and
low latitudes, not approaches for estimating PMP
for rivers with mostly snow-melt floods in high
latitudes.

In terms of area and duration, Chapters 2 to 6 elab-
orate common meteorological methods for
estimating PMP for watersheds with areas less than
50 000 kmZ2 in non-orographic regions and less than
13 000 km? in orographic regions (the statistical
estimation method in Chapter 4 generally applies
to areas less than 1 000 km?) for a precipitation
duration of less than 72 hours. In principle, the
approaches in Chapter 7 can be applied to estimat-
ing PMP for all sorts of areas in both orographic and
non-orographic regions and with a variety of
precipitation durations. Chapter 7 emphasizes that
estimation of PMP should consider the require-
ments of a given project in the design watershed.
Aspects such as critical duration, flood peak and
flood volume are important considerations in arriv-
ing at an appropriate estimate of PMF.

Chapter 7 provides approaches to address the esti-
mation of PMP for large watersheds with areas
between 50 000 km? and 1 000 000 km? while other
approaches have also been used (Morrison-Knud-
son Engineers, Inc., 1990).

While methods for PMP estimation in Chapter 7
are used to estimate PMF for a given project in the
design watershed, some further attention could
have been given to the estimation of PMF in this
manual. However, as the focus of the manual is on
PMP estimation, it was not considered appropriate
to discuss PMF in detail. Therefore, the manual
limits itself to highlighting some important features
of watershed runoff yield and watershed confluence
during PMP by way of background to correspond-
ing methods for PMF estimation. The manual does
not discuss issues such as deriving maximum
seasonal accumulation of snow and optimal snow-
melting rate necessary to produce the PMF in some
regions. Standard hydrological references for these
aspects include: German Water Resources Associa-
tion, 1983; Institution of Engineers, Australia, 1987;
Cudworth, 1989; United States Army Corps of Engi-
neers, 1996; Wang G., 1999; WMO-No. 233;
WMO-No. 168; WMO-No. 425); and web references
(for example, http://www.ferc.gov/industries/
hydropower/safety/guidelines/fema-94.pdf).

1.7.3 Application of examples

The manual describes common practical methods
for estimating PMP using examples from published
reports on PMP for storm areas and watershed areas
with different sizes, climates and topographies.
There are two main reasons for using such exam-
ples: first, they are actual calculations for actual
watersheds rather than imaginary cases; and second,
these examples are supported by detailed reports,
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which give valuable additional information. The
content in the manual should be adequate for
hydrometeorologists. PMP estimation occurs in
many countries, and the manual takes examples
from Hydrometeorological Reports (HMR) published
by the United States Weather Bureau (renamed
National Weather Service in 1970), the Australian
Bureau of Meteorology and water and power design
organizations in China and India. However, those
methods and results discussed should not necessar-
ily be considered superior to those from other
countries or organizations.

The examples presented are not intended for direct
application in deriving PMP estimates. They aim to
explain how to estimate PMP in different cases,
including watersheds of various sizes as well as differ-
ent topographies, climates and quality of data. It is
not intended that the method given for any particu-
lar situation represents the only solution. Other
methods may also be effective. The examples should
be regarded merely as recommendations for how to
derive PMP estimates. Special attention should be
paid to the notes at the end of each chapter.

The importance of meteorological studies in PMP
estimation cannot be over-emphasized. Such stud-
ies give guidance on regional, seasonal, durational
and areal variations and topographic effects.

1.7.4 Application of computer

technologies

As computers have developed so has their use in
hydrometeorology. Computers may be used in
everything, from analysing and processing data
needed for PMP estimation to determining PMP
and PMF. In addition, with the use of geographical
information systems (GIS), many stages of PMP and
PMF estimation can be improved. The manual
includes information on the application of compu-
ter technologies, in combination with generalized
PMP estimation, in south-eastern Australia.

1.8 PMP AND CLIMATE CHANGE

In assessing the possible impacts of climate change
on PMP, the following factors need to be consid-
ered: moisture availability, depth—area curves, storm

types, storm efficiency and generalized rainfall
depths. Since the PMP methodology is related to
very large rainfall events, changes in both observed
and projected extreme rainfall should also be
considered.

These factors can be assessed using both an
event-based approach and a station-based approach.
In a study undertaken for Australia (Jakob and
others, 2008), some significant increases in mois-
ture availability were found for coastal Australia,
and climate models project further general increases,
although some regions of decrease were also found.
Very few significant changes in storm efficiency
were found, although there is a tendency to a reduc-
tion in storm efficiency for coastal parts of eastern
Australia.

Typically, no significant changes were found in
generalized rainfall depths, but a recent event broke
previous records (both in terms of storm efficiency
and generalized rainfall depth) for the season during
which the event occurred (winter).

PMP estimates are robust estimates (typically not
based on single outliers). Recent significant rainfall
events are regularly screened to check whether
including these events in the storm databases would
increase PMP estimates. In the Australian case study,
there had been no recent cases where PMP estimates
had to be updated.

Long-term trends in rainfall extremes were found
for only two regions: a decrease in coastal south-
western Western Australia and an increase in parts
of northern New South Wales. The fact that trends
were found for only two regions implies that current
generalized PMP estimates are representative of
current climate conditions for most of Australia.

Global climate models do not accurately model the
trends of late twentieth century Australian rainfall.
However, there is an indication that, due to the
overall increase in moisture availability in a warm-
ing climate, the most extreme rainfall events are
likely to increase in the twenty-first century.

Based on the above analysis, the Australian case
study indicates that so far we cannot confirm
whether PMP estimates will definitely increase
under a changing climate.
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Figure 5.63. Zones for use with the generalized short-duration method
(Australian Bureau of Meteorology, 2003)

5.4.3.3 Distribution of PMP in space

The design spatial distribution for convective
storm PMP is given in Figure 5.67. It is based on
the distribution provided by the United States
Weather Bureau (1966) and the second edition of
the Manual on PMP (WMO-No. 332) but has been
modified in light of Australian experience. It
assumes a virtually stationary storm and can be
oriented in any direction with respect to the catch-
ment. Instructions for the application of the
spatial distribution are as given in Australian
Bureau of Meteorology (2003). The spatial distri-
bution diagram has no projection.

For simplicity and consistency of application, it is
recommended that PMP depth be distributed
using a step-function approach. This means that
the depth has a constant value at all points in the
interval between consecutive ellipses (or within
the central ellipse), and steps to a new constant
value at each new ellipse. This constant value
between ellipses is the mean rainfall depth for
that interval and is derived by the procedure
described below. Further information on the
rationale behind this method may be found in
Taylor and others (1998).

5.4.3.3.1
(@) To position the spatial distribution diagram

(Figure 5.67), its size is enlarged or reduced
to match the scale of the catchment outline

Figure 5.64. Generalized short-duration
method depth-duration-area curves
(Australian Bureau of Meteorology, 2003)
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Table 5.24. Some notable point rainfall totals recorded in Australia
(Australian Bureau of Meteorology, 1994, as amended 1996)
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Date Location Duration Rainfall (mm)
3 May 1942 Adelaide, South Australia 2 minutes 11
26 October 1960 Tamborine Village, Queensland 4 minutes 18
25 June 1901 Karridale, Western Australia 5 minutes 22
15 January 1977 Tewkesbury, Tasmania 12 minutes 32
22 December 1960 Fairbairn, Australian Capital Territory 15 minutes 20
3 March 1969 Croker Island, Northern Territory 15 minutes 42
24 December 1959 Sunbury, Victoria 18 minutes 40
25 March 1974 Cunliffe, South Australia 20 minutes 61
11 November 1969 Bonshaw, New South Wales 40 minutes 174
30 March 1961 Deer Park, Victoria 60 minutes 102
2 March 1983 Dutton, South Australia 2 hours 15 minutes 228
2 March 1983 North Dutton, South Australia 3 hours 330
6 January 1980 Binbee, Queensland 4 hours 30 minutes 607
18 February 1984 Wongawilli, New South Wales 6 hours 515
4 January 1979 Bellenden Ker Top, Queensland 24 hours 960
5 January 1979 Bellenden Ker Top, Queensland 2 days 1947
8 January 1979 Bellenden Ker Top, Queensland 8 days 3847

(b)

map. The spatial distribution diagram is over-
layed on the catchment outline and move it
to obtain the best fit by the smallest possible
ellipse. This ellipse is now the outermost ellipse
of the distribution.

The area of catchment lying between succes-
sive ellipses is determined (Ci (between), Where
the ith ellipse is one of the ellipses A to J).
Where the catchment completely fills both
ellipses, this area is the difference between
the areas enclosed by each ellipse as given in
Table 5.25:

Ci(between) = Areai-Areaj-1

Where the catchment only partially fills the
interval between ellipses, a geographic infor-
mation system (GIS), planimetering or a simi-
lar method is used to determine this area.

(c) The area of catchment enclosed by each ellipse

(d)

is determined (Ci (enclosed)) by:
i
Ci(enclosed) = Z C kbetweenh
k=A

The area of the catchment enclosed by the
outermost ellipse will be equal to the total area
of the catchment.

The initial mean rainfall depth enclosed by
each ellipse is obtained using the x-hour initial
mean rainfall depth (IMRD;) for each area
enclosed by successive ellipses (Ci (enclosed))
from (c).

(e)

()

Where the catchment completely fills an
ellipse (Ci (enclosed) = Areai), the x-hour initial
mean rainfall depth for this area is deter-
mined from Table 2.3. Where the catchment
only partially fills an ellipse (Ci (enclosed) <
Areaj), the x-hour initial mean rainfall depth
for that area is determined from the appro-
priate depth-area—duration (DAD) curves
(Figure 5.64).

Note that no initial mean rainfall depths are
required for ellipses | and J because the areas of
these ellipses are greater than 1 000 km?2 which
is the areal limit of the DAD curves.

The adjusted mean rainfall depth (AMRD:;),is
obtained by multiplying the IMRD; by the
moisture adjustment factor (MAF) and the
elevation adjustment factor (EAF):

AMDRi = IMRDi# MAF # EAF

The adjusted mean rainfall depth for the area
enclosed by the outermost ellipse will be equal
to the (unrounded) PMP for the whole catch-
ment.

The volume of rain enclosed by each oval is
determined by multiplying the area of the
catchment enclosed by each ellipse (Ci enclosed))
from (c) by the AMRD; for that area from
(e) to obtain the volume of rainfall over the
catchment and within each ellipse (Vi enclosed)):

Virenclosedh = A MRDi # Cirenclosedh
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Figure 5.65. Reduction factor for geographic variation from extreme moisture
(Australian Bureau of Meteorology, 2003)

(g) The volume of rainfall between successive
ellipses (Vi (vetween)) is obtained by by subtract-
ing the consecutive enclosed volumes (Vi
(enclosed)):

V inbetweenh = V irenclosedh = Vi — 1enclosedh

100
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Figure 5.66. Temporal distribution for use
with PMP estimates derived using the
generalized short-duration method
(Australian Bureau of Meteorology, 2003)

The volume of rainfall within the central ellipse
has already been obtained (f).

(h) The mean rainfall depth between successive
ellipses (MRD;) is obtained by dividing the volume
of rainfall between the ellipses (Vi etween)) (g) by
the catchment area between them (Cj petween)) (b):

012345 10
[ = —

Kilometres

Figure 5.67. Generalized short-duration method
spatial distribution
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Table 5.25. Initial mean rainfall depths enclosed by ellipses A-H in Figure 5.67

Initial mean rainfall depth (mm)

Area Area
Ellipse label enclosed  between Duration (hours)

(km? &™) 925 05 075 15 2 25 3 4 5 6
Smooth
A 2.6 2.6 232 336 425 493 563 628 669 705 771 832 879
B 16 13.4 204 301 383 449 513 575 612 642 711 765 811
C 65 49 177 260 330 397 453 511 546 576 643 695 737
D 153 88 157 230 292 355 404 459 493 527 591 639 679
E 280 127 141 207 264 321 367 418 452 490 551 594 634
F 433 153 129 190 243 294 340 387 422 460 520 562 599
G 635 202 118 174 223 269 314 357 394 434 491 531 568
H 847 212 108 161 208 250 293 335 373 414 468 506 544
Rough
A 2.6 2.6 232 336 425 493 636 744 821 901 1030 1135 1200
B 16 13.4 204 301 383 449 575 672 742 810 926 1018 1084
C 65 49 177 260 330 397 511 590 663 717 811 890 950
D 153 88 157 230 292 355 459 527 598 647 728 794 845
E 280 127 141 207 264 321 418 480 546 590 669 720 767
F 433 153 129 190 243 294 387 446 506 548 621 664 709
G 635 202 118 174 223 269 357 417 469 509 578 613 656
H 847 212 108 161 208 250 335 395 441 477 541 578 614

MRD; = V inbetweenh*gh

Cirbetweenh*bh

(i) Other PMP durations are determined by repeat-
ing steps (a) to (h) for other durations.

5.4.3.4 Seasonal variation

The storms associated with short-duration PMP
estimates are assumed to be summer or early
autumn thunderstorms. In some regions of
Australia, summers are very dry and winter storms
of lesser magnitude may be more critical for design
purposes; this is true for south-western Australia. A
seasonal variation curve for this region based on
the variation of the moisture determined from the
monthly extreme persisting 24-hour dewpoints
expressed as a percentage of the annual extreme
appears in Figure 5.68. These are based on the

maximum of the monthly values at 12 sample
stations across southern Australia.

It is applicable to catchments south of 30° S and
with an area less than 500 km?2,

544 Steps to calculate short-duration
small-area PMP

The following steps can be followed to determine
PMP for a basin.

(@) The terrain classification of the basin is deter-
mined.

(b) PMP duration permissible at the location of the
basin is determined (Figure 5.63).

(c) PMP for the duration specified or permit-
ted for the area of the basin is determined
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(Figure 5.64). If the required duration cannot
be determined directly from Figure 5.64, values
for durations from 0.5 hours to 6 hours are
plotted on a semi-logarithmic graph and inter-
polated using the curve of best fit drawn to the
data.

(d) Reduction factor for the location of the basin is
determined (Figure 5.65).

(e) A reduction factor of 5 per cent per 300 m for
elevations above 1 500 m is applied.

(f) If seasonal values are needed for a catchment
smaller than 500 km? and located south of
30° S, an adjustment factor from Figure 5.67 is
applied.

(g) Ifanisohyetal pattern is needed, the procedures
discussed in section 5.4.3.3 are applied.

55 ESTIMATION OF PMP FOR LONGER-
DURATION STORMS IN AUSTRALIA

55.1 Introduction

There are two generalized methods of PMP estima-
tion for use with longer-duration storms in Australia:
the generalized south-east Australia method (GSAM,;
Minty and others, 1996) and the revised generalized
tropical storm method (GTSMR; Walland and others,
2003). Figure 5.69 shows the boundaries between
the application regions of the methods. A novel
approach was applied in Australia that simplifies the
generalization and implementation processes by
taking advantage of an Australia-wide rainfall inten-
sity—frequency—duration database (Institution of
Engineers, Australia, 1987) as well as advances in
computing technology. This approach vastly simpli-
fies the parametrization of the effect of orography on
rainfall and is easily applied if such intensity data is
available in the region of interest.

The hydrometeorological section of the Australian
Bureau of Meteorology first embarked on the
development of the GSAM (Minty and others,
1996) for regions not influenced by tropical
storms. The methods and procedures used in the
development of the GSAM were then applied to
storms of tropical origin, superseding the previous
approach of Kennedy and Hart (1984). The revised
method was completed in 2003 (Walland and
others, 2003).

Both methods follow the same basic approach. As
generalized methods, they are founded on a thor-
ough historical search of storm data in the relevant
parts of the continent over the available record. In
Australia, some 100 years worth of data were
searched and around 100 significant rainfall
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Figure 5.68. Monthly percentage moisture
adjustment for southern Australia (south of 30° S);
areal limit is 500 km?2.

occurrences were selected for use with each of the
generalized methods. A database of this size allows
sampling storms of a large variety of durations and
extents in a wide variety of locations. The location-
specific components of each individual storm were
then identified and removed, allowing the modi-
fied storm to be freely transposed across relevant
regions and enabling the enveloping of the storm
data.

As shown in Figure 5.69, generalized PMP methods
are now available for all regions of Australia except
the west coast of Tasmania.

55.2 Establishment of the storm
database
55.2.1 Storm selection

When searching for historical rainfall data, sources
such as (a) published reports including: storm
descriptions, tropical cyclone reports, lists compiled
for other projects, and flood damage reports; (b)
previous PMP studies; and (c) computerized searches
of the rainfall archive, were utilized. Procedures
were developed to interrogate the Australian Bureau
of Meteorology rainfall archive and extract data for
all the rainfall-recording stations within defined
regions. The data were ranked according to the
highest falls and examined to determine whether
the high rainfall totals were widespread. In addi-
tion, rainfall totals were compared to the 72-hour
50-year rainfall intensity (Institution of Engineers,
Australia, 1987) at the station location. This assisted
the storm ranking, as it gave a measure of the rarity
of an event at its location.
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A final database for the GSAM contained 110 signif-
icant rainfall events, while that for GTSMR
contained 122 events.

5.5.2.2 Data quality control

The quality control of the storm data was a time-
consuming, but essential, component of the
construction of the database. It included temporal
and spatial consistency checks of the rainfall data.
Instances were found of faults such as rainfall totals
being recorded on the wrong date, unmarked accu-
mulated totals and the location of a station being
changed over the period of the station’s record. The
original rainfall observation booklets were retrieved
from the Commonwealth Archives for stations at
the centre of the largest storms. Comments by
observers concerning rain gauge overflow were
noted particularly. All relevant data about the
investigation of high rainfall occurrences, flood
damage, dam break reports and so forth were
collected and added to the database. The spatial
consistency was checked by eye from geographi-
cally grouped lists for the GSAM and from
geographic plots for the GTSMR.

5.5.2.3 Storm analysis and gridding

The rainfall totals for the total storm duration were
then plotted at a scale suitable for overlay on a
topographic map and analysed. The isohyets of
the analysed storm were then digitized. The strings
of latitude and longitude values representing the
isohyets were interpolated to a regular grid using a
spline function, in the manner of Canterford and
others (1985). The gridded data were contoured

and replotted at the scale of the original analysis
and overlaid on top of it for direct comparison.
The parameters of the spline function were adjusted
and extra shaping isohyets were digitized, in a
recursive procedure, until a satisfactory reproduc-
tion of the original analysis was achieved. For
storms with isohyets extending across the coast-
line and over the sea, where no data existed, a
land—sea mask was applied to the gridded data,
which set the values over the sea equal to zero.

5.5.2.4 Storm temporal distributions

In order to find the maximum percentages of the
total storm rainfall that fell within the standard
durations and standard areas, it was necessary to
eliminate the restriction imposed by the 24-hour
(9 a.m. to 9 a.m.) rainfall observing period of the
vast majority of stations. Where possible, this was
achieved by imposing a 3-hourly distribution on
the 24-hour distribution for a storm and extracting
the maximum percentages for a duration and area
from this unrestricted pattern.

To construct the 3-hourly distributions, daily rain-
fall records, 3-hourly rainfall observations from the
synoptic station network, individual storm studies
and, principally, the pluviograph archive were used.
As with the storm analyses, the data used to
construct the temporal distributions were checked
for temporal and spatial consistency. In this proce-
dure, however, stations recording anomalous
rainfall depths were deleted from the list.

Temporal distributions were determined for a set of
polygons approximating the standard areas
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Figure 5.69. Boundaries between PMP methods



134 MANUAL ON ESTIMATION OF PROBABLE MAXIMUM PRECIPITATION (PMP)

surrounding each storm centre, as shown in
Figure 5.70. The standard areas chosen for the
GSAM were 100, 500, 1 000, 2 500, 5 000, 10 000,
20 000, 40 000 and 60 000 km2; the GTSMR added
100 000 and 150 000 kmZ. The daily rainfall depths
within each specified polygon were then averaged
using an areal weighting technique. The result of
this procedure was a series of daily (9 a.m.to 9a.m.)
percentages of the total storm depth, for each poly-
gon area. The 3-hourly temporal distribution was
then imposed on this daily distribution. This proce-
dure thus provided a series of 3-hourly percentages
of the total storm depth for each polygon area.
Percentages at the exact standard areas were deter-
mined by interpolation between the polygon areas.
The final step in the construction of the storm
temporal distributions was to determine the maxi-
mum percentages of the total storm depth that fell
within the standard durations of 6, 12, 24, 36, 48,
72,96 and 120 hours, that is, the maximum 6-hour
percentage, the maximum 12-hour percentage and
so on. The GTSMR standard durations extend to
144 hours.
5.5.2.5 Depth-area—duration analysis

The maximum depth-area curve of each gridded
storm was constructed by counting the number of
grid points between evenly incremented isohyets
from the maximum to the minimum isohyet, calcu-
lating the arithmetic mean rainfall per interval and
determining a running-average rainfall depth and
cumulative area over all intervals. The area

calculations are based on the number of grid points
counted and the known resolution of the grid. Once
the depth-area curve for the total storm duration
had been calculated, the depths at standard areas
were determined by interpolation. These were then
multiplied by the percentage depths in the storm
temporal distributions as obtained in section 5.5.2.4
to produce a set of depth-area curves at standard
durations and standard areas.

5.5.2.6 Storm dewpoint temperatures

To ensure that a storm dewpoint temperature is
representative of the rain-producing airmass of a
storm, surface dewpoint temperatures from a
number of stations were averaged where possible.
Suitable stations were either on the trajectory of the
moisture inflow to the storm or in the area of the
storm peak itself, and had recorded high dewpoint
temperatures persisting over a period of 6 to
24 hours. Care was taken to ensure that these surface
dewpoint temperatures were not contaminated by
rain. Where the station elevation was above 100 m,
the surfacedew points were reduced pseudo-adiabat-
ically to 1 000-hPa values (United States Weather
Bureau, 1951).

In the process of estimating a storm dewpoint
temperature a considerable amount of judgement
was required: in determining the moisture inflow
direction, the influences of local topography, the
timing of the precipitation process, the relevance of
dewpoint temperature persistence, the
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Figure 5.70. An example of a set of standard area polygons as applied to the 6-day storm, 18-23 January 1974
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representativeness of surface measurements to the
layer where precipitation was forming, and the qual-
ity of individual observations. Weighing these
various factors and determining a single estimate of
storm dewpoint temperature was very subjective.
Given that all other sources of inaccuracy had been
minimized, no more accuracy than around 2°C
could be achieved.

55.3 Generalizing the storm database

The task of generalizing the storm database was
primarily one of identifying and removing the site-
specific components of each storm so that the storm
could be transposed to other locations.

5.5.3.1 Regions, zones and homogeneity

The region of GSAM applicability is south-eastern
Australia and the boundary extended to cover
that part of Australia outside the region of appli-
cability of the method of Kennedy and Hart
(1984). The geographical boundary between the
two methods follows the boundaries of certain
drainage basins.

The GSAM region was subsequently divided into two
zones, coastal and inland. This division reflects a
working hypothesis that within the two zones the
mechanisms by which large rainfalls are produced are
genuinely different. The corollary is that within each
zone there is an assumed homogeneity: storms in the
zonal database can occur anywhere within the zone.

With the introduction of the GTSMR (Walland and
others, 2003) the geographical boundary between the
two methods was maintained but the GTSMR region
was divided into new zones: coastal, inland and a
winter-only zone in the south-west corner of the
continent. As for the GSAM, the GTSMR zones are
based on an examination of the geographical extent
of various storm-producing mechanisms. In practice,
this meant a coastal zone where any mechanism oper-
ating in the tropics may be the principal influence
and an inland zone where only monsoonal lows
would be expected to produce extreme rainfall.

The boundaries between the methods and zones are
shown in Figure 5.71.

5.5.3.2 Depth-area—duration analysis

The size, shape and orientation of the analysed
isohyets of a storm are influenced by a number of
site-specific features: topographic influences, mois-
ture inflow direction, and storm movement.
Quantifying each storm in terms of a set of DAD
curves, as outlined in section 5.5.2.5, effectively
removes the specifics of the spatial distribution of
each storm.
5.5.3.3 Topographic enhancement of rainfall
The most original feature of the generalized meth-
ods is the application of a technique loosely based

on concepts and practices expressed in various
United States Hydrometeorological Reports (United
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States Weather Bureau, 1966; United States National
Weather Service, 1977, 1984) and in Wang B.H.
(1986).

Two basic concepts are introduced: the primary
concept is that storm is divided into two parts, that
is a part due to convergence and a part due to topo-
graphic influences, while the secondary concept is
that rainfall frequency analyses can be used as a
measure of the topographic influences operating in
an area.

Rainfall intensity frequency analyses have been
constructed for the Australian region as part of
Australian Rainfall and Runoff (Institution of Engi-
neers, 1987) and the Australian Bureau of
Meteorology holds a gridded version of the maps in
a package called computerized design IFD (inten-
sity—frequency—duration) rainfall system (CDIRS).
An example of these data is given in Figure 5.72.

Variation in rainfall intensity over the area of this
figure is largely an indication of the average varia-
tion in the topographic influences on rainfall
production, in relatively rare (the average recur-
rence interval (ARI) is 50-years), medium duration
(72 hours) rainfall events. The rainfall intensities
over areas that are not affected by topography can
be considered as deriving from convergence precip-
itation alone. The values over areas that are affected
by topography derive from both convergence and
topographic precipitation. The ratio of values from
topographic to non-topographic areas in the same
general region is a measure of the average enhance-
ment of rainfall due to topography.

To estimate the topographic enhancement factor of
a storm the following approximate equality has
been used:

Figure 5.72. Seventy-two-hour 50-year rainfall intensi-
ties over central NSW coast. Isopleths in mm/hour.

Total rainfall intensity Total storm depth
Conver gence rainfall intensity ~ Convergence storm depth

In practice, the = was replaced by =, but the approx-
imate nature of the relationship was kept in mind.
Thus, the convergence and topographic compo-
nents of a storm were defined as:

Convergence storm depth =

Conver gence rainfall intensity

Total storm depth# Total rainfall intensity

Topographic storm depth =
Total storm depth - Convergence storm depth

In the course of the development of the methods, a
number of approaches to evaluating the conver-
gence component were tried. Ultimately, it was
decided to construct a map of the convergence
component of the 72-hour 50-year rainfall intensi-
ties over the whole continent. This was done by
pinpointing those locations where values were
considered to be unaffected by topographic influ-
ences and manually interpolating between these
points. For inland Australia this was a relatively
simple task but over the mountainous areas far
more judgement was required. A section of the
resulting field is shown in Figure 5.73.

The isopleths of this field were then digitized and
gridded using the technique established for the grid-
ding of the storm isohyets. The ratio of the total
rainfall intensity field to its convergence component
could then be calculated on a grid point by grid
point basis. Likewise, the convergence component
of each storm could be calculated by dividing the
total storm rainfall depth at each storm grid point by
the coincident rainfall intensity ratio. Depth-area
curves can now be drawn for both the total storm
and convergence component of each storm.

The decision to use the 72-hour 50-year rainfall
intensity field to estimate the topographic enhance-
ment factor for all storms was based on the following
considerations:

(a) The 72-hour 50-year field is the most accurate of
the six basic rainfall frequency analyses devel-
oped for Australian Rainfall and Runoff;

(b) A duration of 72 hours is about the middle of
the duration range required for the GSAM,;

(c) An ARI of 50 years is about the mean of the range
of ARIs for storms of the GSAM storm database.

5.5.3.4 Moisture maximization and

standardization

Moisture maximization is “the process of adjusting
observed precipitation amounts upward based
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upon the hypothesis of increased moisture inflow
to the storm” (WMO-No. 332). The maximized
storm rainfall is the rainfall that would have
occurred if maximum moisture inflow for a particu-
lar location at a particular time of year had been
available to the storm.

The technique of moisture maximization requires
knowledge of two quantities:

(@) The maximum or extreme moisture that could
possibly occur at a particular location and
time of year, indicated by the extreme 24-hour
persisting dewpoint temperature;

(b) The moisture available to the storm as indicated
by the storm dewpoint temperature and derived
in section 5.5.2.6.

The extreme 24-hour persisting dewpoint tempera-
tures are obtained using long-term climatological
data and an updated set of monthly values for
Australia has been in use since 2001.

Storm and extreme persisting dewpoint tempera-
tures can be related to precipitable water values
with the use of look-up tables (for example,
WMO-No. 332). The moisture maximization factor
is defined as the ratio of the extreme precipitable
water corresponding to the extreme dewpoint
temperature to the storm precipitable water corre-
sponding to the storm dewpoint temperature.
Thus,

_ EPW

MF = Spw

where MF is the moisture maximization factor;
EPW is the extreme precipitable water correspond-
ing to the extreme dewpoint temperature; SPW is
the storm precipitable water corresponding to the
storm dewpoint temperature.

The highest extreme dewpoint temperature for the
same location as the storm dewpoint temperature
within +28 days of the date of the storm commence-
ment was chosen. Storm convergence precipitation
was maximized by multiplying by the maximiza-
tion factors.

The concept of moisture maximization assumes that
the relationship between increased moisture and
increased precipitation is linear, at least with rela-
tively small increases in moisture. The extent to
which storm efficiency could be altered by changes
in moisture is not known, however it is reasonable to
assume that small changes in moisture inflow would
have a minimal impact on storm efficiency while
large changes in moisture inflow may well affect
storm efficiency significantly. Excessively large mois-
ture maximization factors are therefore to be avoided
as they may alter the storm dynamics. It is common
practice to set a limit on the maximization factor. In
the past, this limit has ranged from 1.5 to 2.0. For
the GSAM, the limit imposed was 1.8. For the GTSMR
storms, five storms had ratios in excess of 1.8; one of
which was 1.96, determined for a well-documented
storm. Hence, the GTSMR maximization factor limit
was set at 2.0.

To remove the site-specific feature of moisture
content requires moisture standardization: storm
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Figure 5.73. Convergence component of 72-hour 50-year rainfall intensities over central NSW coast.
Isopleths are in mm/hour.
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moisture content is increased to the level of a stand-
ard extreme dewpoint temperature for the zone
rather than for the storm location. In essence
standardization is equivalent to transposition of
each storm from its original location to a common
hypothetical location. Since this is purely a trans-
position in terms of moisture content,
standardization is only valid for the convergence
component of a storm. A standardization factor is
calculated in an analogous fashion to the maximi-
zation factor: it is the ratio of the precipitable water
value at the standard extreme dewpoint tempera-
ture to that of the storm extreme dewpoint
temperature. It is worth noting that the only essen-
tial difference between moisture maximization and
standardization is in the imposition of a limit on
the maximization factor.

Dividing Australia into two method regions and
dividing each region further into application zones
effectively limited the transposability of the storms
in space. A similar limitation on their transposabil-
ity in time was also considered necessary, as storm
type is correlated with season as much as with
geographical zone. For this reason the GSAM storm
database was divided into four seasonal groups
with four different standard extreme dewpoint
temperatures, and the GTSMR storm database was
divided into two seasonal groups with two differ-
ent standard extreme dewpoint temperatures These
standards were chosen on the basis of the annual
variation of the extreme 24-hour persisting
dewpoint temperature within the method regions.

For the GSAM, this annual oscillation was approxi-
mated by four irregular step functions. The
timespan of each step was chosen on the basis of
the gradient of the oscillation curve and the desire
to minimize the range of associated dewpoint
temperatures within each step. The groupings,
therefore, are not truly seasonal. This precaution
kept the effects of standardization of the database
reasonably consistent from group to group. The
values of these seasonal standard extreme dewpoint
temperatures are typical of the northern extremi-
ties of the GSAM region, so that the standardization
factors, in general, are greater than 1.0. The stand-
ard steps are shown in Figure 5.74, with the annual
variation in extreme dewpoint temperature at Bris-
bane for comparison.

A similar process of standardization was applied to
storms in the GTSMR database. The storms were
standardized to a two-season function shown in
Figure 5.75. It is based on the extreme 24-hour
persisting dew-point values at Broome, a station
with long records in a region of high monthly
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Figure 5.74. Extreme monthly 24-hour
persisting dew-point temperature for Brisbane
and the standard extreme persisting
dew-point temperatures for the
GSAM seasons

extreme persisting dewpoint values.

5.5.3.5 Geographic variation in decay of

storm mechanism

The GTSMR uses an additional adjustment factor.
Removal of the effects of topography and moisture
maximization and standardization was sufficient in
the case of the GSAM to generalize the storms such
that they could be transposed within the region.
However, the GTSMR region is much bigger and the
type of storm that generates extreme rainfall scenar-
ios, particularly in the coastal zone, is a tropical
cyclone. In general, the tropical storms have a greater
energy source to draw on in the warm moist air over
the ocean and so the further they are located from
this source of energy, the more reduced in magnitude
they will be. In order for the storm mechanisms to be
able to be transposed within the zone, this additional
geographic variation needs to be considered.

A useful way of quantifying this is to take the inten-
sity—frequency—duration (IFD) information from the
Institution of Engineers, Australia (1987) as the basis
for the geographic variation of rainfall intensity over
the country, it being the best information currently
available for this purpose. The IFD data, however,
represents rainfall variability due to topography and
moisture as well as the residual geographic variabil-
ity that needs to be captured. The component of the
rainfall contributed by moisture and by topography
must be removed from the IFD data so as not to
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Figure 5.75. Extreme monthly 24-hour
persisting dew-point temperatures
for Broome and the
standard extreme persisting dew-point
temperatures for the GTSMR seasons

double-count it. The convergence intensity data
(section 5.5.3.3), which present rainfall intensity
assuming Australia is flat, serves to remove the effect
of topography on rainfall. The existing information
on maximum persisting dewpoints can be used to
help remove the effect of moisture based on the
following hypothesis:

EPW Australia
EPW,

where Rais the residual IFD value at point a; Smooth
IFDais the flatland IFD value at point a; EPWaustratia iS
the depth of precipitable water equivalent to the
extreme 24-hour persisting dewpoint for Australia
(the extreme 24-hour persisting dewpoint at Broome
being chosen as it has the highest dewpoints in
Australia at a reliable station, 29.5°C = 118.9 mm));
EPWa is the depth of precipitable water equivalent to
the extreme 24-hour persisting dewpoint at point a.

Rc - Smooth IFDa#¢c

Having standardized the IFD information for topog-
raphy and moisture, what remains is any residual
geographic variation due to other effects such as
distance from the coast, distance from the equator,
and the effect of barriers to preferential flow, along
with any other more subtle variations.

To get the residual IFD data into a form that is
usable, it is scaled into an amplitude factor based
on supporting data (sea surface temperature (SST)
and observed events). The distribution of amplitude
is also smoothed to remove noise. The distribution

of the resulting factor, known as the decay ampli-
tude, is shown in Figure 5.76.

An important element of scaling and smoothing
the data was the choice of where to position the
southernmost latitudes for unmodified storms
(and their coastal intersections), that is, those with
a decay factor of 1.0. This was made partly on the
basis of SST information, making the conservative
assumption that the 25°C-26°C isotherm in SST is
approximately the ocean temperature at which a
tropical cyclone above the ocean can maintain its
full potential. The latitude of this isotherm is
therefore used to indicate where the southern
extent of unmodified storm strength should lie.
The basic asymmetry between the east and west
coast in terms of the amplitude is replicated in the
SST data.

Also considered was the location of some of the
larger tropical cyclones that have reached higher
latitudes. As part of the smoothing process, an
example on the east coast was used to confirm the
southern extent of the 1.0 value of the decay
amplitude whilst a west coast example confirmed
that the 1.0 value boundary should extend slightly
further south.

5.5.3.6 Enveloping the depth-area—duration
curves

The final step in generalizing the GSAM and GTSMR
storm databases was to draw an enveloping curve to
each standard-duration set of maximized, standard-
ized convergence component depth-area curves for
storms within the same PMP method region and

Figure 5.76. The distribution of amplitude factors
defining the degree of mechanism decay expected
over the GTSMR zone
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zone. Enveloping effectively creates a single hypo-
thetical storm of maximum moisture content and
maximum efficiency from the database, that is, the
standard convergence component of a PMP storm.
The envelopment process can be best depicted visu-
ally (see Figure 5.77).

The drawing of the enveloping curves was carried
out in a similar manner for the two generalized
methods. Enveloping curves were drawn over the
depth-area information to represent the theoretical
maximum depth for each of the method zones and
their relevant season across the range of standard
durations. The next step was to combine all the
depth-area curves for a particular zone onto a single
plot. The curves were smoothed to remove inconsist-
encies or unlikely scenarios such as having a lower
rainfall depth at a longer duration. Generally, the
24-hour, 48-hour and 72-hour curves were used to
guide decisions on adjusting the shape of other
curves as these are the most reliable, being based on
the largest quantity of data. The enveloping process
was designed to remove inconsistencies in depth
and it was an iterative process.

As part of the GSAM development, the influence
of the density of rain gauges on isohyets was tested.
A data analysis of storms was used to establish the
adjustment coefficient of small-area rainfall depth
shown in Table 5.26. A similar test of storm analy-
ses from the GTSMR database did not show any
clear trends so no such adjustment was applied.

In total, 57 envelope curves were constructed for
the GSAM: eight durations for each of the two zones
and four seasons, except for inland spring for which

MANUAL ON ESTIMATION OF PROBABLE MAXIMUM PRECIPITATION (PMP)

there was only one recorded storm and therefore
one curve, at 24 hours. The GTSMR produced 25
envelope curves: six durations for each of the three
zones, plus an additional duration for the coastal
summer zone and the coastal zone having curves
for two seasons.

554 PMP estimation technique for a
particular watershed

The final stage in the development of the two
generalized methods was the establishment of a
general technique for estimating PMP from the
envelope curves of the generalized storm database.
To estimate the PMP of a catchment, the catch-
ment-specific features of the PMP storm must be
derived and combined with the convergence
component of the PMP storm as derived from the
design DAD curves for the appropriate method,
zone, season and duration. The catchment-specific
features of the PMP storm were identified as:

(a) storm type;

(b) topographic influences;

(c) local moisture availability;

(d) mechanism decay (for the GTSMR only).

The features are interrelated, as are the techniques
developed for reconstructing them.

5541 Catchment area and location

An accurate specification of the catchment location
is required to determine which of the generalized
methods to apply and into which geographic appli-
cation zone it falls. The catchment boundary and
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Figure 5.77. An example of the enveloping process for a set of storms (A-F)
defined by depth-area curves of their convergence component
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Table 5.26. Small-area adjustments used in the
GSAM (percentage)

Area (km?)
1 10 100

1000 10000

Inland (upper
limit of 50.0 375 25.0 12.5 0.0
values used)

Coastal

15.0 10.0 5.0 0.0 0.0
(values used)

the area it encloses are required in order to obtain
the convergence component from the appropriate
DAD curves.

Catchment outlines can be hand-drawn on
topographic maps, digitized and gridded. The area
can then be calculated from the number of grid
points within the catchment outline and the
known resolution of the grid. More recently,
catchment outlines are prepared and displayed via
GIS and a script applied to calculate the area
enclosed.

55.4.2 Convergence component PMP

estimates

Once the catchment area and location have been
determined, the standard convergence component
envelope depths from the appropriate zonal data-
base can be interpolated between the standard areas
to the area of the catchment.

Transposition of the standard PMP convergence
rainfall from the standard hypothetical location to
the location of the catchment requires adjustment
of the depths for the different moisture potentials
of the two locations. A moisture adjustment factor
(MAF) is calculated in an analogous fashion to the
standardization factor: it is the ratio of the precipi-
table water at the catchment extreme dewpoint
temperature to that at the standard extreme
dewpoint temperature.

EPW catchment
EPW standard

where EPWcatchment is the extreme precipitable water
associated with the catchment extreme dewpoint
temperature; EPWstandard is the extreme precipitable
water associated with the standard extreme
dewpoint temperature.Since there are seasonal
standard extreme dewpoint temperatures, four for
the GSAM and two for the GTSMR, corresponding
seasonal catchment extreme dewpoint tempera-
tures are required. One technique is to take the
centroid of the catchment as the catchment

MAF =

location and determine the seasonal extreme
dewpoint temperatures for this latitude and longi-
tude. A more recent practice is to derive catchment
average values using GIS.

The envelope depths from each seasonal group were
then multiplied by these catchment moisture
adjustment factors. For each duration, a catchment
PMP convergence depth was defined as the maxi-
mum of these depths across all seasons.

When applying the GTSMR to a catchment, the
decay amplitude must be applied. Multiplying the
convergence depth by this factor takes into account
the geographic variation in the decay of the storm
mechanism.

Thus the catchment PMP convergence component
is obtained. The catchment-specific feature of the
storm type is included by virtue of the zone in
which the catchment is located and by virtue of
the season which provides the greatest conver-
gence depths at the area and location of the
catchment for a given duration. Moisture content
is included by virtue of the moisture adjustment
factors for the catchment location. Finally, for
catchments within the GTSMR region, the decay
in the storm mechanism is included by virtue of
the decay amplitude.

5.5.4.3 Estimating the topographic

component of the PMP storm

The remaining adjustment that needs to be made
in order to progress from the catchment PMP
convergence component to the catchment PMP
depth is to reconstruct the topographic component
of the PMP storm at the catchment. The method for
doing this is analogous to that for removing the
same component for the storms in the database
(section 5.5.3.3) and involves modifying the catch-
ment PMP convergence component by the
topographic adjustment factor (TAF).

Catchment PMP depth =
Catchment PMP convergence depth # TAF

Total rainfall intensity

where: TAF = Conver gence rainfall insenity

However, because it was considered that the PMP
event would have a greater convergence compo-
nent than orographic component when compared
with the storms in the database, which typically
had an average recurrence interval of 50 to 100
years (see Klemes, 1993; Minty and others, 1996),
some adjustment to the original TAF (section
5.5.3.3) was considered necessary. This was based
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on evidence comparing extreme rainfall over high
and low topography in the GSAM database as well
as evidence of truly extreme rainfall over the globe.
As a result, a formula to calculate a modified topo-
graphic enhancement factor for PMP storms was
devised and this is used for both generalized meth-
ods. The details are presented in Table 5.27.

Modified topographic enhancement factors were
then calculated at each of the grid points within
the catchment. The catchment average of these
provided the catchment PMP topographic enhance-
ment factor.

5.5.4.4 Catchment PMP estimates

Finally, total PMP depths were calculated by multipli-
cation of the catchment PMP convergence components
by the catchment PMP topographic enhancement
factor. The total PMP depths were then plotted against
duration and a final envelope drawn to these. Catch-
ment PMP estimates are taken from this final envelope.
An example is given in Figure 5.78.

The rationale for the final enveloping of the PMP
estimates is that:

() the storm databases are necessarily incomplete
and cannot provide the form of the PMP design
storm in total;

(b) PMP estimates for different durations may
derive from different seasons and there has
been no attempt to envelope the database
across seasons.

5.5.4.5 Design spatial distribution of the

PMP storm

The design spatial distribution for the PMP storm is
simply given by the field of modified topographic
enhancement factors over the catchment. An
example is given in Figure 5.79.

5.5.4.6 Design temporal distribution of the

PMP storm

Design temporal distributions of the PMP storm
were developed from the storm temporal distribu-
tions constructed by the method described in
section 5.5.2.4.

For the GSAM, design temporal distributions were
developed in a cooperative effort between the
Australian Bureau of Meteorology and the Rural
Water Commission of Victoria. The work is exten-
sively documented in Nathan (1992). For each
standard area and duration, and separately for

each zone, the average variability method of
Pilgrim and others (1969) was applied to the storm
temporal distributions to derive design temporal
distributions for the PMP storm. It was considered
that the temporal distribution of rainfall in a PMP
storm would be smoother than that of an average
storm in the GSAM database. Accordingly, the
temporal distributions derived by the average vari-
ability method were smoothed using the method
described by Nathan (1992).

The GTSMR provides for two sets of temporal distri-
butions that can be applied to the catchment PMP
depths. Firstly, a set derived by applying the average
variability method to the 10 storms with depths
approaching closest to the PMP depth at each
standard area and standard duration; and secondly,
the real storm patterns for these 10 storms from the
appropriate zone, which can be used for additional
analysis.

In assigning a design temporal distribution to a
catchment PMP depth, the distribution for the
standard area closest to the area of the catchment is
used; there is no interpolation between areas.

5.6 GENERALIZED ESTIMATION OF
24-HOUR POINT PMP IN CHINA

56.1 Brief introduction

A catastrophic cloudburst occurred in the west of
Henan Province, China, from 5 to 7 August 1975.
The maximum 24-hour rainfall amount reached
1 060 mm in Linzhuang, the storm centre. The
maximum 3-day rainfall amount was as high as
1 605 mm and the 24-hour 10 000 km? areal rain-
fall was greater than 400 mm. The catastrophic
cloudburst led to serious flooding. To ensure the
safety of flood control at reservoirs, Chinese water
and power departments and meteorological depart-
ments worked together in order to compile a
24-hour point PMP isoline map of China in 1976
and 1977 (Ye and Hu, 1979).

For PMP estimation, three types of methods were

Table 5.27. Topographic enhancement factors

Value of x Value of X
x<1.0 X=1.0
1.0<x<15 X=x
15<x<25 X=0.5x+0.75
X>2.5 X=20
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used: storm meteorological factor maximization,
statistical estimation and storm frequency analysis.
A rational value was selected as the result that was
adopted.
5.6.2 24-hour extraordinary
precipitations in China

120 000 station years of observed rainfall data
from Chinese hydrological and meteorological
departments were processed and studied. Extremes
of maximum 24-hour point rainfalls exceeded 500
mm, which all occured east of 103 °E. Among
these, the largest is 1 748.5 mm, which occurred at
Mount Ali, Taiwan, in 1996; records in Hainan
Province and Guangdong Province also exceeded
900 mm. Records at multiple points in the west
and north of the Sichuan Basin exceeded 400 mm,
with a maximum of 578.5 mm. However, the
difference between values in the south and north
of China is not large. Maximum 24-hour storm
rainfalls observed along the Haihe River, the Yellow
River and the Huaihe River in the north of China
exceeded 700 mm, while the record of maximum
24-hour rainfalls in north-east China (north of
40 °N) reached 657.9 mm. Orography has small
effects on the average of short-duration storms,
but it has strong effects on the average distribu-
tion of mid- to long-duration storms (Wang J.,
2002). Studies of relations between extremes of
short- and long-duration storms and orography in
China had the same conclusions (Zhang, 1988).
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Figure 5.78. Enveloping process to define PMP
depth across a range of durations for a specific
catchment area
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Figure 5.79. Example of a GSAM design spatial
distribution

Data on more than 100 large storms were used in
the study. Those data were all results of timely and
careful surveys and therefore were reliable. For
example, five surveys and re-surveys were performed
(Zheng and others, 1979). It was validated that
8-12 hour rainfalls at five places in Wushenqi,
which is on the border between Inner Mongolia
and Shaanxi Province, exceeded 1 000 mm between
9 a.m. 1 August and 6 a.m. 2 August, 1977. Among
these, the 8-hour rainfall reached 1 050 mm in the
village of Shilanaohai. Some surveyed rainfalls were
more than twice as high as the records of storms
observed nearby, with some even exceeding world-
wide records.

Provinces such as Henan, Shaanxi, Sichuan and
Guizhou used results of historical flood surveys to
trace values or magnitudes of historical storms.
Those data are valuable references for regions that
are short of data on large storms. Valuable storm
information can be found from historical literature.

Based on processed data on storms and meteoro-
logical factors, as well as isoline maps that are
drawn with the statistical parameters of storms, a
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Figure 5.80. Twenty-four-hour point PMP in China (mm; Wang J., 2002)

in deriving the estimates. PMP for individual basins
with different features may be considerably modi-
fied from the generalized values, especially in
orographic regions. If there are differences, these
should be evaluated and the value from the general-
ized or regional study modified. Generalized
estimates for the larger basins of the size range
considered in this chapter are less likely to require
modifications of the results of regional studies. These
larger basins usually have average topographic
features similar to those on which the generalized
estimates are based. Smaller basins, on the other
hand, may have topographic features entirely unlike
the general features of the area in which they are
located, and generalized estimates therefore tend to
more frequently require modifications.

The step-by-step procedures given in this manual
for developing regional PMP values or estimates for
specific basins serve merely to summarize some of
the methods used in deriving PMP estimates and
the techniques used for applying the results to
specific basins. They are not intended to enable the
reader to obtain PMP values for specific basins in
the regions covered by the examples. For this
reason, only those charts and tables required for
illustrating the approaches used are included. Addi-
tional charts and tables would be required for
making complete PMP estimates for specific basins.

Other equally valid approaches besides those repre-
sented by the examples shown have been used for
developing generalized estimates. As mentioned
earlier, the approach used depends on the geogra-
phy of the project region and the amount and
quality of required data. Basic data requirements for
reliable estimates are adequate precipitation
networks, dewpoint and wind data. A thorough
knowledge of the meteorological characteristics of
storms likely to govern PMP limits is an important
requirement. This knowledge is most important
where basic data are sparse.

The cautionary remarks of section 2.13 relative to
adequacy of the storm sample, comparison with
record rainfalls, consistency of estimates, seasonal
variation and areal distribution apply to general-
ized estimates.

Table 5.28. Point-area relation of PMP with
different durations in orographic regions in
Henan Province, China

Duration Area (km?)

(hours) point 100 200 300 500 1000
1 1.00 089 082 0.75 065 052
6 1.00 091 085 0.80 073 062
24 1.00 092 087 084 078 0.70






















































































































































































































































































































































